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GEOCHEMISTRY OF THE PIERRE SHALE AND
EQUIVALENT ROCKS OF LATE CRETACEOUS AGE

MIXED-LAYER CLAY IN THE PIERRE SHALE AND
EQUIVALENT ROCKS, NORTHERN GREAT PLAINS REGION

By LEONARD G. SCHULTZ

ABSTRACT

Mixed-layer illite-smectite is the most abundant constituent in much of
the Pierre Shale and equivalent rocks. X-ray diffraction data on both peak
positions and intensities have been used to distinguish illite-, beidellite-, and
montmorillonite-type layers and to evaluate their proportions. The
proportion of beidellite is fairly constant at about one-third of the layers. In
most samples, illite makes up from 20 to 60 percent of the layers.
Montmorillonite makes up from 5 to 60 percent of the layers and is
generally complementary to illite. Smectite in bentonite commonly is
composed of 60-90 percent montmorillonite-type layers, the remainder
being beidellite-type. Interlayering is random.

Average structural formulas for the mixed-layer illite-smectite inferred
from 191 whole samples of shale and 22 samples of bentonite and from 15
purified and fractionated samples of shale are as follows (X denotes
exchangeable cations, ~ denotes approximate):

K+ X+ (Al+% Fet? Fe+2 Mg+2) AR Si+9) O-2 (OHN
lllite-smectite in shale ....... 07 06 28 05 0.1 06 06 74~2 ~4
Individual layers in shale:

Illite 1.2 229 5 1 6 1.0 70 ~20 ~4
Beidellite 2 1.0 29 5 .1 6 -6 74 ~20 ~4
Montmorillonite ........ 1 7028 S .1 .6 .1 79 ~20 ~4
Smectite in bentonite ........ 1 6 30 3 .1 .6 2 78 20 4

The mixed-layer clay differs little in marine and nonmarine rocks.
Thermogravimetric measurements of clay purified from shale generally
indicate that OH" deviates slightly but significantly from the ideal, and the
nonideal structural OH- apparently causes dehydroxylation at
temperatures consistently lower than those typical of montmorillonite in
bentonite that has an ideal 4(OH). The relatively high dehydroxylation
temperatures of bentonite persist even where its normal montmorillonitic
composition has been altered to highly illitic mixed-layer clay.

In the Montana disturbed belt in northwestern Montana something akin
to depth diagenesis, as it is commonly called in the Gulf Coast, has altered
much of the clay to regularly interlayered 1S-ordered mixed layer clay
containing 60-85 percent illite-type layers. Such clay occurs in shale or
claystone, in bentonite, and even locally in argillized intrusive igneous rock.
Almost all of the randomly mixed-layer clay outside the disturbed belt
apparently is essentially as it was deposited and has not been altered by
depth diagenesis. In the few places outside the disturbed belt where clay has
been altered diagenetically, such as in cuttings from deep wells in the
Powder River basin, it is the montmorillonite in bentonite beds rather than
the mixed-layer clay in the shale that is altered first.

INTRODUCTION

The Pierre Shale Project has been a long-term study by H.
A. Tourtelot, the late J. R. Gill, and L. G. Schultz of the
geochemistry, mineralogy, and physical properties of a large
mass of sedimentary rock, mainly shale, such as has
contributed significantly through geologic time to the
makeup of the Earth’s crust. Several preliminary and related
reports have been published as U.S. Geological Survey
Professional Papers 390, 391-A-C, and 392-A and B. The
final report of the Pierre Shale Project, informally referred
to herein as the main Pierre Shale report, will be
Professional Paper 1064-B. The purpose of the present
report is to give details of the interpretation of X-ray
diffraction patterns and of the chemical composition of the
mixed-layer clays in the Pierre Shale. The range of composi-
tion of these mixed-layer clays is considered in terms of their
origin, particularly with regard to depth diagenesis.

The bulk of the material in this report came directly from
the Pierre Shale Project and is representative of the rock unit
and its equivalents in the area of study across the northern
Great Plains. Two smaller complementary investigations are
also described that are directed specifically to the problem of
depth diagenesis. One is of well cuttings in the Powder River
basin, and the other is of mixed-layer clay in the Montana
disturbed belt.

GENERAL GEOLOGY AND
MINERALOGY

In the northern Great Plains the Pierre Shale and
equivalent rocks form a wedge (fig. 1) composed in the west
of 2,000-5,000 feet of predominantly nonmarine claystone,
sandstone, and conglomerate, and in the east along the
Missouri River of less than 500 to 1,000 feet of dark-gray
marine shale containing some marl. In the west, volcanic



2 GEOCHEMISTRY OF THE PIERRE SHALE AND EQUIVALENT ROCKS

Central South Dakota
Montana Missouri River
area
St Mary River
Formation
Elkhorn Bearpa
Mountains Paw Shale
Volcanics
// Judith b
\ Two Medicine River Pierre
S Formation Formation Shale
ot S\-\a\e
C\ag%
o™
- '3
ga@‘ “ ce®
(00t go®
o e FEET
gre"
¢20° 0
co°
100 100 200 MILES
0 | 1
APPROXIMATE SCALES
FIGURE 1. — Diagrammatic cross section of the Pierre Shale and some of the equivalent marine and nonmarine rocks. Nonmarine rocks are shaded.

debris derived locally from the Elkhorn Mountains volcanic
field is abundant, and thin bentonite beds occur throughout.
Sediments of the Pierre Shale and equivalent rocks came
mostly from the western side of the basin. In the area studied
the name Pierre Shale applies strictly only to rocks along the
Missouri River and around the Black Hills, other formation
names being used to the west (fig. 1). However, in this report
Pierre Shale and equivalent rocks refers to the whole body of
rock investigated, including the equivalent marine and
nonmarine rocks. For the main study of the Pierre Shale,
this rock body was sampled at stratigraphic sections
indicated by the numbered localities in figure 2. Details of
the composition of these rocks will be given in the main
Pierre Shale report. Only a brief summary is given here as a
framework for the occurrence of the mixed-layer smectitic
clays.

The common mineralogical composition of the Pierre
Shale and its equivalents is fairly uniform (table 1).
Variation in proportions of minerals is considerably greater
in the western predominantly nonmarine claystone than in

the eastern marine shale, but the average composition differs
little. The most consistent differences are the slightly higher
quartz and considerably higher plagioclase content of the
westernsamples. In both, kaolinite and chlorite generally are
minor and make up less than 10 percent of the clay minerals,
illite commonly makes up 15-20 percent of the clay minerals,
and mixed-layer clays make up half or more of the
clay-mineral content and 30-60 percent of the total rock.
These mixed-layer clays are the principal concern in this
report.

Composition of bentonite in the Pierre Shale and its
equivalents varies widely, as shown in the main Pierre Shale
report, but the composition shown in table 1 is represen-
tative of most of it. Completely expanding smectite is
predominant and may be the only constituent found in
bentonite. A few percent of kaolinite is found in about
one-tenth of the bentonite samples, whereas chlorite or illite
are rare or absent. Quartz rarely makes up more than a few
percent of most bentonite, and plagioclase and biotite may
be abundant, particularly at the base of the bed.
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FIGURE 2. — Index map of the northern Great Plains region, showing sample localities and pertinent physiographic features. Numbers
indicate the general area of localities from the main study of the Pierre Shale and equivalent rocks, which are described by Schultz,
Tourtelot, and Gill (1978). Letters indicate localities in the Montana disturbed belt (table 8); well-cutting locality (table 7) is starred (*).

DEFINITION OF MINERAL AND
MIXED-LAYER TERMS

Most minerals are essentially homogeneous crystals
composed of orderly repetitions of unit cells of similar
composition and geometry. Mixed-layer clay minerals differ
in that individual layers of the crystal have different
compositions and properties.

Commonly, layers in mixed-layer clays of Pierre age are
illite-type and smectite-type. Two kinds of smectite-type
layers also are differentiated, those that are
montmorillonite-type and those that are beidellite-type.
Structures of all of these clay-mineral types (fig. 3) have a
middle sheet of alumina octahedra and two outer sheets of
silica tetrahedra. In aluminous varieties like those in the
Pierre Shale, only two of every three octahedral cation
positions are filled (fig. 3). Cations substituted for A1*3 and
Si*4 cause a net negative layer charge. The negative layer
charge of montmorillonite is due mainly to substitution of

divalent Mg+2 ions for trivalent A1*3 ions in the octahedral
sheet (fig. 3). The negative layer charge of beidellite is due
mainly to substitution of trivalent A1+3 for quadrivalent Si+4
ions in the tetrahedral sheets. The negative layer charge of
smectites is balanced by positively charged interlayer
cations, most commonly Nat+ and Ca*?, which are ex-
changeable and commonly hydrated. The layers are said to
be expandable because water or other substances readily
penetrate between the layers. Two organic liquids commonly
used to expand smectites to known thicknesses are ethylene
glycol, which produces a 17-angstrom (A) layer thickness,
and glycerol, which produces an 18-A layer thickenss. The
characteristic feature of illite layers is that they are nonex-
panding and have a fixed layer thickness of 10 A. This is
because illite layers have a net negative layer charge that is
balanced predominantly by interlayer K* cations. The K+
cations are no hydrated, and they fit snugly into the silica
rings of adjacent layers. Bonding of K* to the rings of oxygen
anions prevents penetration of water between the illite
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TABLE 1. — Typical mineralogical composition, in percent, of the Pierre
Shale and equivalent rocks

SHALE
West
Clay MINETAIS ...ooveiimiiviiiiciiine e 50-65
Clay composition:
Mixed-1ayer ......ccooeeriviiierene e 50-100
Ilite ..ooveeeenne
Chlorite
Kaolinite .....
Quartz ......ccooveenenens
Plagioclase .......c.cccccevmicnciinnnne
K-feldspar and other minerals ..........coccooeeiiiiincciniininine e ")
East
Clay MINETAIS ...ooeiiviieeciieeeeieee et e s e 75
Clay composition:
Mixed-layer .......cccconiiiiiiirinien e 75
Ilite ...ccenennee. .. 15
Chlorite ....... e S
Kaolinite ..... 5
[0 1T 7 2 OSSOSO PR 15-20
Plagioclase, K-feldspar and other minerals ..........cococeeveviivineennns M

BENTONITE

Clay MINErals ......cocoovevverimiivenniiceireeicire et
Clay composition:
SMECHIE ..ooovvieiiiiiiiii e
Quartz ................
Plagioclase ..
BIOLIE ..eviivreiecrieeie ettt

'A minor amount.

layers. The layer charge of illite, like that of beidellite, is
predominantly in the tetrahedral layers, and the charge is
somewhat larger than in the smectites.

Throughout this paper, layers of mixed-layer clay are
referred to as illite-type or montmorillonite-type. The
hyphenated “type” terminology is used to alert the reader to
two things. First, the layers are parts of a mixed-layer clay.
Second, strictly speaking, what is being referred to is not a

- clay layer as normally thought of, but rather the interlayer
space and the nearest halves of the two adjacent layers. The
identity of the layer is determined by the behavior of the
interlayer area, which in turn is determined primarily by the
makeup of the adjacent layers. In mixed-layer clay, a
classical layer must commonly be asymmetrical. For exam-
ple, in figure 3, the upper half of the layer cross section
together with the nonexpanding interlayer space having K+
ions and part of the adjacent layer above (not shown) would
behave like and could be said to be an illite-type layer,
whereas the lower half of the layer cross section and
corresponding adjacent parts below would behave like and
could be said to be either montmorillonite- or smectite-type.

Interlayering of different types of clay minerals in
mixed-layer clay may be random or regular, and partly
regular types also are possible.

Random interlayering implies no detectable influence of
one layer on adjacent neighbors; in other words, the
probability of one type of layer being adjacent to another is
the same as its abundance in the mixed-layer crystal. Basal
X-ray diffraction peaks of randomly interlayered clay
normally lie (migrate) between d-spacing positions of the
types of layers involved, depending upon the proportion of
the layers. However the 17-A and 10-A d-spacings of
glycolated smectite and of illite do not migrate, although
higher basal-order reflections do. X-ray peaks of mix-
ed-layer clay are commonly designated by the basal order of
the mineral layers between which they are migrating; for
example, the peak resulting from the third basal order of
smectite-type layers and the second basal order of illite-type
layers is herein designated as an Syg3/Igg, reflection. Ran-
domly interlayered illite-smectite is the most common type
of clay in the Pierre Shale.

Regular or ordered interlayering implies a periodicity in
the sequence of layers; in other words, one type of layer tends
to follow a different type, and tends not to be adjacent to
layers like itself. Any degree of regularity theoretically may
occur, from none (random) to the maximum permitted by
the proportion of layers. However, regularity is easily

EXPLANATION
O 0-2 @ Si+4
@ OH- O Al+3

-

() Interlayer cation

- = - Boundary of unit
cell

Si0O4 tetrahedra
AlO4(OH), octahedra
SiO4 tetrahedra

{ ) Na+ and Ca+2 in smectite

-—

FIGURE 3.— Schematic structure of an aluminum smectite or illite layer,

adapted from Bragg (1937, p. 206). Above isa plan view of a silica sheet
showing one complete ring of linked silica tetrahedra and parts of
others, with a hydroxyl at the center of the rings. Below is a layer cross
section showing two outside silica sheets sharing apical oxygen ions
with a middle sheet of alumina octahedra. Certain O2 ions that
otherwise would be superimposed have been slightly displaced. A1*3
substitutes for Si+* in beidellite and illite tetrahedra; Mg*? substitutes
for A1"3 in montmorillonite octahedra.
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recognized only when the degree of regularity is high.
Complete regularity commonly occurs only when the two
types of layers involved are equally abundant. Such regular
interlayering produces a superorder reflection at a d-spacing
that is the sum of the thicknesses of the two layers, and this
superorder is accompanied by a rational sequence of basal
reflections. For example, 10-A and 17-A ordered interlayers
produce a basal sequence of 27-A, 13.5-A, 9-A, 6.75-A, ...
peaks. Completely regular mixed layering is rare in the
Pierre Shale and usually involves chlorite-type layers which
are not considered in this report.

Still another kind of partly regular interlayering has been
described by Reynolds (1967) and Reynolds and Hower
(1970). Probably the most common such interlayering
involves “an illite-montmorillonite superlattice (IM), ran-
domly interstratified with additional illite” (Reynolds and
Hower, 1970, p. 26); in other words, no two smectite layers
(or expanding interlayer areas) are adjacent to each other.
The characteristic feature of such clay is that, unlike
randomly interlayered types, it produces an X-ray peak that,
as the proportions of layers change, migrates in the area
between 10 A and 17 A—commonly near 12-13 A. Such clay
is abundant in some equivalents of the Pierre Shale, and in
this report such clay is said to have IS-ordered interlayering.
The IS in this paper, rather than the IM of Reynolds and
Hower, reflects the use in this paper of smectite rather than
montmorillonite as the general term for expandable clay.

Readers needing a more detailed explanation of mixed
layering in clay minerals are referred to MacEwan, Amil,
and Brown (1961) and to the papers of Reynolds and Hower
mentioned above.

INTERPRETATION OF X-RAY

DIFFRACTION TRACES OF
MIXED-LAYER CLAY

X-ray diffraction procedures used for quantitative evalua-
tion of the mineralogy of the Pierre Shale (Schultz, 1964) are
fairly standard for most minerals. Procedures used for
mixed-layer expandable clays are in part unconventional
and have been changed from the earlier work. The new
method for evaluation of mixed-layer clays is described in
detail below and is compared with the old method. The
methods are illustrated by sets of X-ray diffraction traces for
four samples in figure 4. The new method involves a two-step
breakdown of the mixed-layer clay. The first step, which
distinguishes proportions of illite-type and smectite-type
layers, is illustrated in figure 4 A-D, and is described in the
next section of the report. The second step, which divides
smectite into beidellite- and montmorillonite-type layers is
illustrated in figure 4 A’-D’ and is described in the
second-following section. Both steps involve a conventional
peak-migration method for evaluation of proportions of
layers as well as an alternative unconventional peak-height

method that can be applied to many samples for which peak
migration cannot be used.

ILLITE-SMECTITE

Almost all expandable clay from shale in the Pierre Shale
shows evidence of interlaying with nonexpandable illite-type
layers. Completely expandable smectite (not shownin fig. 4)
is common only in bentonite. One of the more completely
expanding mixed-layer clays from a shale is illustrated in
figure 4A4. Treated with ethylene glycol, the first basal
reflection at 17 A differs little from that of a completely
expanding smectite from a bentonite bed, but the higher
order reflections are fairly broad and slightly shifted from
the ideal d-spacings (Soo2. S003-fig. 4). As the proportion of
nonexpanding layers increases (fig. 4B), the higher order
basal reflections shift or migrate farther toward the
d-spacing positions of the nonexpanding illite-type layers
(Tvo1. Ing2), but the first basal reflection remains near 17 A,
merely becoming broader and less intense, until it almost
completely disappears (fig. 4C).

Clays like those in figure 4 A-C are randomly interlayered.
Clays having appreciably moreillite-type layers than the one
shown in figure 4Cinvariably have IS-ordered interlayering.
As previously defined. IS-ordered illite-smectite diffracts
X-rays in the approximately 11.5-14-A range that is not
possible for randomly interlayered illite-smectite. Most
IS-ordered clay from the Pierre Shale shows no super order
reflection that is characteristic of completely ordered mix-
ed-layer clay. However, a few do give a small reflection from
glycolated material that is almost invariably near 31 A. The
31-A d-spacing, however, is nowhere near a rational multiple
of the much stronger basal reflection between 11.5 A and
14A.

All four clay samples in figure 4 4-D produce well-defin-
ed reflections near 10 A and 5 A when heated to 300° C.
Therefore, all are mixed-layer combinations of only two
kinds of layers. One kind is nonexpanding illite, having an
unvarying layer thickness of 10 A. The other kind is
expanding smectite, which contracts to a thickness of
approximately 9.6 A when heated. The 10-A- and
9.6-A-layer thicknesses are so nearly similar that they
produce a fairly sharp X-ray reflection not noticeably
displaced from the 10-A position (I, fig. 4), but the second
order is noticeably displaced from 5 A (Ioo2).

The most useful migration curve for determining propor-
tions of illite- and smectite-type layers is that involving the
Sno3 and Ipyp d-spacings for glycolated material. As will be
explained later in connection with figure 6, the Sgp3/In02
reflection indicates approximately 20, 45, 60 and 75 percent
nonexpanding illite-type layers, respectively, for the samples
of figure 4 A-D (“new” method). However, owing to the
weak intensity of the reflection and some interference from
other minerals, only about one-tenth of the total number of
samples could be analyzed by peak migration such as was
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FIGURE 4.—X-ray diffraction traces of four clay samples that illustrate the range of composition of mixed-layer
illite-smectite in rocks of Pierre age and the new and old methods of expressing proportions of layers. Curves
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long-dashed line, glycerol; and short-dashed line, heated. Short arrows show ideal 001 peak positions of
smectite (S), illite (1), beidellite (B), and montmorillonite (M); X is mixed-layer clay (see text); long arrows
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done with the exceptionally pure and well-oriented clays
illustrated in figure 4.

During the early part of the Pierre Shale study, owing to
the limited usefulness of peak migration, a peak-height
method previously described (Schultz, 1964) was used to
indicate the amount of expandable clay. This “old”
peak-height method (fig. 4) divided what is now called
mixed-layer clay into two components. One component,
which would give a 17-A reflection of the observed relative
height, was called montmorillonite (in the group sense—S in
fig. 4); the other component, which was assumed not to
diffract at the 17-A position, was called mixed-layer clay (X
in fig. 4). The basis for the separation was the observation
that, for 40-millimeter long oriented aggregate mounts and a
1° beam slit, completely expanding aluminum smectite gave
a 17-A reflection about 44 times the height of the 10-A
reflection after heating. The absolute height of the reflec-
tions depended greatly upon the degree of preferred orienta-
tion, but the ratio of the 17-A peak height to the 10-A peak
height from the same sample mount was fairly reproducible.
In figure 44, heights of the 17-A and 10-A reflections in
arbitrary units are 105 and 30, respectively. A clay having a
30-unit peak height when heated, if it were entirely expan-
ding smectite, should give a 135-unit (30 X 414) peak height
at 17 A when solvated with ethylene glycol. The observed
105-unit peak height is 78 percent of the expected height, so
78 percent of the expanding clay was attributed to smectite
(S) and the remaining 22 percent to mixed-layer clay (X).
Values for smectite (S) and mixed-layer clay (X) are similarly
calculated by the “old” method for figure 4 B-D.

A reasonably consistent relationship developed, as the
Pierre study progressed, between the old peak-height
method and the proportion of illite- and smectite-type layers
that could be interpreted from peak migration. As shown in
figure 5, the 17:10 A ratio decreases from about 4.5 for
completely expanding smectite to zero where illite-type
layers make up 60-65 percent of the layers. Thus, in samples
where illite and smectite are the only two components of the
mixed-layer clay, as is the case with most rocks of Pierre age,
the 17:10-A ratio can be used in conjunction with figure 5 to
estimate the approximate proportion of the two different
layers. The estimate from the new peak-height method is
more realistic than that from the old method, because rarely
does any unmixed smectite occur in shale of the Pierre. Most
samples do contain essentially unmixed illite or mica, which
gives a 10-A reflection after all sample treatments. An
adjustment for such illite must be made in the 10-A peak
intensity (Schultz, 1964, fig. 3, table 2) before the peak height
ratios (fig. 5) are used.

ILLITE-BEIDELLITE-MONTMORILLONITE

Beidellite, as pointed out in connection with figure 3,
differs from montmorillonite in that the layer charge of
beidellite is mainly in the tetrahedral layers owing to
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FIGURE 5. Relationship between the proportion of smectite (S) and
mixed-layer clay (X) interpreted from peak heights (Schuitz, 1964) and
the percentage of illite-type layers interpreted from peak rr}igniatio‘n
(Soo/ Loy fig. 4)- Plotted points are individual samples. Solid line is
curve used to interpret the percentage of illite-type layers. A,
angstrom.

Al*3-for-Si** substitution, whereas the layer charge of
montmorillonite is mainly in the octahedral layers owing
mostly to Mg+2-for-A1*3 substitution. The Greene-Kelly
(1955) lithium test uses this charge-site difference to differen-
tiate between beidellite and montmorillonite by making only
the latter nonexpanding. The process is herein called a
Li+-200° C-glycerol treatment. Exchangeable cations are
replaced with Li* by treatment with 3N LiCl. Overnight
heating at 200 ° C volatilizes interlayer water, and the layer
thickness decreases to about 10 A. If the layer is
montmorillonite-type, the small Li* ions enter vacant cation
sites in the octahedral layer (fig. 3) and neutralize the
negative layer charge caused by Mg+2-for-A 1+3 substitution.
Thus, the uncharged layer becomes nonexpanding and
retains a 10-A thickness when treated with glycerol.
Beidellite, similarly treated, remains expanding because its
layer charge is in the tetrahedral layer which contains no
vacant cation sites for the Lit* ions to enter.

Proportions of beidellite- and montmorillonite-type
layers can be qualitatively evaluated by visually comparing
X-ray traces before and after the Li+-200° C treated clay is
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reexpanded by glycerol (fig. 4 A’-D’) with traces of the same
clay not treated ,with Li*. If no reexpansion of the
Li*-treated clay occurred, the 10-A reflection (fig. 4 A”-D")
before and after glycerol treatment would be unchanged,
and all smectite layers would be interpreted as mont-
morillonite. If the trace of the glycerol-treated clay were
essentially the same as that of the natural clay expanded with
ethylene glycol (fig. 4 A-D’), then smectite layers are
interpreted as beidellite. In the latter case (fig. 4D and 4D")
the traces shown are not actually identical, because clays
expanded by glycerol and ethylene glycol produce slightly
different spacing—about 18 A and 17 A, respectively. (In
practice, the Li*-treated clays were compared with
Mg*2-glycerol-treated samples routinely run for identifica-
tion of vermiculite. These are not shown in figure 4.)
Commonly, results are somewhere in between(fig. 4 A4’-C"),
with an appreciable drop in the intensity of the 10-A
reflection after glycerol treatment and a rise in the baseline
but no development of an 18-A reflection comparable to the
17-A reflection of the ethylene glycol-treated clay. Ap-
parently both types of layers are present.

The proportion of beidellite-type layers is conventionally
evaluated from the position of the 001 reflections of the
Li-200° C-glycerol-treated clay. Greene-Kelly (1955) used
the second beidellite reflection (fig. 40D’, Boo2) and its shift
toward the approximately 9.6-A position of collapsed
montmorillonite. For the Pierre Shale, use of this refelction
was generally not possible because the angular shift was
small, and free illite at 10 A interfered; a shift of the fourth
beidellite reflection (fig. 40, Boos) toward higher angles was
more useful. Also, Greene-Kelly used the lithium test for
two-component interlayering of beidellite- and
montmorillonite-type layers. For the Pierre Shale, a third
component, the illite-type layers, must be taken into
account.

Proportions of illite-, beidellite-, and
montmorillonite-type layers are interpreted from the
triangular diagram in figure 6. The numbered heavy lines
within the triangle refer to the angular position of the peak in
the 18°28 region for Li+-200°C-glycerol-treated material,
for example, at 18.65° for figure 44". The corners of the
triangle correspond to the biedellite (Byos) spacing of 4.5 A at
19.73°26, the second basal spacing of collapsed mont-
morillonite of 4.8 A at 18.5°26, and the second basal spacing
of illite (Ipo3) 0of 5.0 A at 17.74°28. The scale to the right of the
triangle from 15.6° to 17.7°26 is the migration curve between
the 5.7 A (Sy3) of smectite solvated with ethylene glycol at
15.6°26 and the 5.0 A (I,y,) of illite at 17.74°26 that is used to
determine the proportion of illite layers in figures 44-D. For
example, in figure 44, the Syp3/loo2 reflection at 15.85°26
corresponds in figure 6 to 20 percent illite—this is where the
20 percent illite in the new interpretation in figure 44 comes
from. Then, the 18.65°28 position from the

Li-200°C-glycerol treated sample (fig. 44’) intersects the
20-percent-illite line in figure 6 at the letter A. From A the
composition lines project to 25 percent beidellite and 55
percent montmorillonite, as recorded for the new composi-
tion in figure 44. All proportions have been rounded to the
nearest 5 percent. The Sqp3/ [ 49, migration curve on the right
side of figure 6 is adapted from one calculated for randomly
interlayered clay (MacEwan, Amil, and Brown, 1961, p.
417), and, as pointed out by Reynolds and Hower (1970, p.
33), the Soos/lge2 migration curve is almost identical for
IS-ordered and randomly interlayered illite-smectite.

The problem with the beidellite-montmorillonite inter-
pretation, as with the illite-smectite interpretation, is that
most samples give X-ray traces not nearly so good as those in
figure 4A4-D’, and the relevant reflections cannot be
measured. Here again, as data accumulated from the Pierre
Shale study, a rough relationship was noticed between the
proportion of beidellite-type layers that remained expan-
dable as interpreted from figure 6 and the change in intensity
of the 10-A reflection before and after glycerol treatment.
This change is labeled as a 30-percent drop in figure 44’ and
50-, 55- and 60-percent drops in figure 4B-D’. This
relationship is shown in figure 7. The decrease in intensity
appears to depend not only on the proportion of reexpan-
dable beidellite-type layers but also on the proportion of
illite-type layers. For mixed-layer clays having few illite-type

‘layers, the percent decrease in height of the 10-A reflection is

approximately equal to the inferred percent of
beidellite-type layers (for other smectites see Schultz, 1969
fig. 2). If illite-type layers are dominant, however, the percent
decrease in the 10-A peak height is equal to nearly double the
percent beidellite-type layers. The lines relating the three
factors in figure 7 are very approximate—even more so than
the peak-height relationship in figure 5—but the height
relations have made possible the estimation of proportions
of illite-, montmorillonite-, and beidellite-type layers in
mixed layer clays from most samples of Pierre Shale.

The following example illustrates the peak-height method
for figure 4 Band 4 B'. The 17:10-A height ratio of 55:30=1.83
would indicate, in figure 5, 44 percent illite-type layers,
rounded to 45 percent. This illite value together with the
50-percent peak drop from the Lit test (fig. 4 B’) gives slightly
more than 30 percent beidellite-type layers (fig. 7) which,
when rounded to 30 percent, leaves 25 percent
montmorillonite-type layers. The good agreement with
proportions derived from migration curves (fig. 4B, “new
value”) is by no means universal, but values usually agree
within 5 or 10 percent. The critical requisites for application
of relative peak heights to the interpretation of mixed-layer
clays are that the oriented aggregate must not be broken up
during solvation or heating and that essentially all the layers
must be either illite- or smectite-type having a basal
d-spacing near 10 A when heated.
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PEAK POSITIONS OF IS-ORDERED CLAY

Unlike the 17-A reflection for randomly mixed-layer
illite-smectite (fig. 4A4-C), the first basal reflection for
glycol-treated 1S-ordered clay does vary over a considerable
range, from about 11.5 A to very broad reflections at about
14 A. Figure 8 shows the relationship between proportions
of illite-type layers from 11 samples for which the Soo3/ Ioo2
curve on the right side of figure 6 could be used and the
d-spacing of the first reflection. The range of d-spacings

9

observed is considerably greater than that shown by
calculated diffraction profiles of maximum IS-ordered
material described by Reynolds and Hower (1970, fig. S,
table 3). The d-spacings of about 13 A observed for 70
percent illite-type layers are close to that calculated by
Reynolds and Hower. However, several observed d-spacings
of about 14A probably indicate that IS-ordered clay having
less than 70 percent illite-type layers in the Pierre Shale tends
to have less than maximum ordering. Conversely, many
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FIGURE 6. — Diagram used to interpret proportions of illite: beidellite:
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montmorillonite layers in mixed-layer clay. The heavy lines within the

triangle are the 26 positions of the Byya/ Loy, reflections (fig. 44’-D’),and the points at which these lines intersect the legs of the triangle

are from migration curves (MacEwan, Amil, and Brown, 1961, p.

417) adapted for an 18-A primary d-spacing appropriate for glycerol.

The scale next to the right-hand leg of tie triangle is for the S,/ 1yg;reflection (fig. 44-D) adapted for the 17-A primary d-spacing
appropriate for ethylene glycol. Letters A- D within the triangle indicate composition of samples on figure 4. CuKyradiation; °, degrees

20; A, angstrom.
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DECREASE IN 10-ANGSTROM PEAK HEIGHT, IN PERCENT

Percent illite-type layers
in mixed-layer clay

0=0-5 -
1=10-15
2=20-25
3=30-35
4=40-45
5=50-55
6=60-65
7=70-75
8=80-85

40 60 80

BEIDELLITE-TYPE LAYERS, IN PERCENT

FIGURE 7. — Relationship between the proportion of beidellite- and illite-type layers in mixed-layer clay determined from migration curves
and the change in peak height after glycerol treatment of Lit-saturated and heated clay. 1llite-type layers rounded to nearest 5 percent.

observed d-spacings of about 12 A or less indicate that when
there is appreciably more than 70 percent illite-type layers,
superlattices larger than IS may be present, though no
patterns like that for ideal ISII ordering (IMII ordering of
Reynolds and Hower, 1970, fig. 7) were observed. Figure 8 is
the d-spacing curve used to evaluate the proportion of
illite-type layers in 1S-ordered clay in the Pierre Shale where
only the first basal reflection could be measured.

COMMON PROPORTIONS OF
ILLITE: BEIDELLITE:
MONTMORILLONITE

Proportions of the three common types of layers in
samples of mixed-layer clay from individual samples of the
main Pieere Shale study are shown in figure 9. Beidellite
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content is relatively uniform, averaging about 35 percent and
deviating little more than 10 or 15 percent from the average.
In most shales the proportions of illite-type layers vary more
widely, from 10 or 15 percent to 60 percent: more than 60
percent illite-type layers occurs mostly in samples having
IS-ordered mixed-layering from the Dearborn River locality
(fig. 2, loc. 2). Montmorillonite is generally complementary
to the proportion of illite-type layers. Almost all smectite
having no illite-type layers is from bentonite, and conversely,
few of the approximately 200 bentonite samples examined
contained detectable illite.

Beidellite layers are slightly more abundant in nonmarine
than in marine rock, but the difference is slight. Excluding
shale from Dearborn River, which has been altered,
mixed-layer clays in marine rock are more illitic, but again
the difference is slight.

CHEMISTRY OF MIXED-LAYER CLAYS

One objective of the Pierre Shale study was to determine
whether sediments deposited in different environments, such

as marine and nonmarine, could be distinguished by their

chemistry or mineralogy. The mixed-layer illite-smectite was
of particular interest in this regard because it is the most
abundant component in rocks of Pierre age. Also, because of
its fine grain size and large surface area, the mixed-layer clay
might be expected to be particularly sensitive to changes in
chemical environment. Two methods were used to determine
the chemical makeup of the mixed-layer clay: (1) chemical
analysis of the whole rock and then correcting for other
mineral constituents (Schultz, 1964), and (2) chemical
analysis of the purified mixed-layer clay component. The
first method was used on 223 samples, for which chemical
analyses are the basic data for much of the main Pierre Shale
report. However, as minerals other than mixed-layer clay
amounted to half or more of most samples, the structural
formulas calculated for the clay may involve considerable
error. The formulas calculated are neverthelass believed to
be useful because any systematic errors that may be involved
apply equally to marine and nonmarine samples; thus, a
valid comparison of these two groups can still be made. The
second method was used on only 15 purified samples, but the
calculated structural formulas are much more accurate.

STRUCTURAL FORMULAS CALCULATED
FROM WHOLE-ROCK SAMPLES

The transformation of a chemical analysis of a mineral to
a structural formulas (table 2) involves showing where each
chemical element is thought to occur in the structure of the
mineral (fig. 3). Of the 223 chemical analyses in the main
Pierre Shale report, structural formulas for mixed-layer clay
that seemed fairly reasonable could be calculated from 219
analyses. These include 191 from shale, 22 from bentonite,
and 6 from marl. Formulas for shale and bentonite are
considered separately below, but formulas for marl are not
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FIGURE 8.—lllite content of 111S-ordered mixed-layer clay samples
determined from S,;/ Log; (fig. 6) related to d-spacing of the first basal
reflection of the clay treated with ethylene glycol. The solid line was
used to interpret the percentage of illite-like layers when the Syo3/ ooz
reflection was indistinct. CuK g radiation.

considered here because of the small number of samples and
the small amount of clay that they contain.

SHALE

The range of composition of mixed-layer clay in marine
and nonmarine shale is shown in figure 10, and averages are
given in the upper part of table 2. The general similarity
between mixed-layer clay in marine and nonmarine rocks is
as expected from their mineralogical similarity (fig. 9). One
of the bigger differences is the presence of more K* ions in
the nonmarine rocks. This difference is not in agreement
with similar proportions of illite-type layers in marine and
nonmarine rocks indicated in figure 9. Average K* content
for nonmarine rocks, exclusive of the nine chemically
analysed samples from the Dearborn River locality (loc. 2),
is 0.65. This average exceeds the 0.59 K+ average for marine
rocks even though the average content of illite-type layers,
exclusive of the Dearborn River locality samples (fig.9), is
about 5 percent less than for marine rocks (fig. 9). These
differences are small, and the lack of agreement between the
K# ion and content of illite-type layers probably indicates
that the differences are not significant. Certainly, in view of
the wide variation in proportions of illite layers shown in
figure 9 and K* shown in figure 10 within both marine and
nonmarine samples, neither the amount of illite-type layers
nor the amount of K* in the mixed-layer clay would seem to
be a reliable indicator of environment of deposition.

Tetrahedral A1*3 is generally higher in nonmarine rocks
than in marine rocks. This difference is not due exclusively to
abundant illite-type layers in samples from the Dearborn
River locality—without these, average tetrahedral Al1*3 is
still 0.52. The higher tetrahedral A 1*3 for nonmarine rocks is
in accord with their somewhat higher beidellite content
(fig.9). The difference appears to be real but much too small
to serve as a reliable environmental indicator (fig. 10).
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Two aspects of the structural formulas calculated from
whole-rock analyses seemed unusual. First, the sum of the
octahedral cations is less than the ideal 4.00 per unit cell for
more than 80 percent of the samples (fig. 10), and second, the
average of 0.44 tetrahedral A1*3 (table 2) seems too low for
clays in most of which illite- and beidellite-type layers
predominate. Both of these features could be caused by
under-correction for quartz, a possibility that ‘will be
considered later.

BENTONITE

The structual formulas for smectite in bentonite differs in
generally expected ways from those for mixed-layer clay in
shale of Pierre age (table 2). As previously mentioned,
smectite in nearly all bentonite samples in the Pierre Shale
and in all of the 22 bentonite samples in table 2 are not
interlayered with illite-type layers, and mortmorillonite
layers predominate over beidellite. Therefore interlayer K+
ions are few, and tetrahedral Al*3, which is low in
montmorillonite, is low in the bentonite. The totalinterlayer

charge, averaging 0.94 for the bentonite samples, is only
about two-thirds that for the shale samples. The amount of
ironin the octahedral layer is about half that in shale, and the
amount of magnesium is nearly the same. As the amount of
minerals other than smectite is small in bentonite, averaging
about 10 percent, the correction for other minerals is small,
and the average structural formula for bentonite is a more
reliable one than for shale. Note, for example, that the sum
of the octahedral cations is very close to the ideal 4.00 per
unit cell.

STRUCTURAL FORMULAS CALCULATED
FROM PURIFIED MIXED-LAYER CLAY

Chemical analyses of mixed-layer illite-smectite concen-
trated from 15 selected samples of the Pierre Shale and
equivalent rocks are given in table 3 together with calculated
structural formulas. The samples were selected to give a
representative range of proportions of illite-, beidellite-, and
montmorillonite-type layers in marine and nonmarine
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FIGURE 9. — Proportions of layers in mixed-layer illite-smectite in the Pierre Shale and equivalent rocks. Letters M, N, and n are,
respectively, the means for marine, nonmarine, and nonmarine exclusive of rocks from the Dearborn River locality (loc. 2). Values, in
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TABLE 2. — Average structural formulas of mixed-layer illite-smectite clay in the Pierre Shale and equivalent rocks, in cations per Ox( OH),

Interlayer Octahedral Tetrahedral

. Total
Cations ........ccoooevveereve, K* Na* Ca®? Mg+ Al H* charge ALt Fet? Fet2 Mgt? Sum Al Si*e
Calculated from chemical analyses of whole-rock samples
Shale samples:
191 total ......... 0.63 0.42 0.09 0.01 0.01 0.01 1.29 2.62 0.68 0.11 0.51 3.92 0.44 7.56
134 marine ...... .59 42 .09 .01 .01 .01 1.25 2.64 .68 .11 Sl 3.94 41 7.59
57 nonmarine .. .69 41 .08 .01 .00 02 130 2.57 71 13 54 3.95 .55 7.45
Bentonite samples:
22 total ........... .09 .40 12 07 02 .0t 94 3.00 .35 .04 .59 3.99 .20 7.80
Calculated before fr of 15 shale below
15 shale samples .... 0.66 0.38 0.13 0.00 0.00 0.00 1.30 2.60 0.69 0.10 0.48 3.87 0.47 7.53
Calculated from chemical analyses of purified < 0.25 4 samples (table 3)
Shale samples:
15 total 0.58 0.58 0.02 0.00 0.00 0.00 1.20 2.80 0.53 0.15 0.58 4.06 0.64 7.36
8 marine ......... .52 .58 .02 .00 .00 .00 1.14 2.81 .50 15 .62 4.08 .60 7.40
7 nonmarine ... .63 .58 .02 .00 .00 .00 125 2.79 .56 .16 .54 4.05 .68 7.32
Nonmarine less 2
Dearborn River
samples ....... .68 .02 .00 .00 .00 1.19 2.78 .62 .16 .49 4.05 .69 7.31

rocks, and are arranged in table 3 from left to right generally
in order of increasing percent of illite layers and of
decreasing montmorillonite layers. Average formulas for all
15 samples and for the 8 marine and 7 nonmarine samples
are given in the lower part of table 2. Total estimated
amounts of impurities are 0-18 percent and average 7
percent, in contrast with an average of 49 percent for other

The mixed-layer clay in the purified samples is not
identical with that in the whole-rock samples because they
represent only those clay particles smaller than 0.25
micrometer (u). According to X-ray analyses, the < 0.25u
purified mixed-layer clays tend to be slightly less illitic and
more montmorillonitic than mixed-layer clay in the samples
as a whole, with average illite:beidellite:montmorillonite

minerals estimated for the original 15 whole-rock samples. | proportions of 43:32:25 and 47:37:16, respectively.
at
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TABLE 3.~ Chemical analyses and structural formulas for 15 purified samples of mixed-layer illite-smectite from the Pierre Shale and
equivalent rocks

[Samples were Na-saturated and purified of free iron oxides by Na-dithionate-citrate treatment (Jackson, 1958, p.168)
and concentrated by size-fractionation below 0.25s. Samples are arranged generally from most montmorillonitic on
the left to most illitic on the right; illite:beidellite:montmorillonite ratios are in table 5. M, marine; N,
nonmarine;< less than. Analyses by L. Artis, S. Botts, G. Chloe, J. Glenn, N. Smith, and D. Taylor]

259550

Sample No. ...ccoervrncnns 259578 159766 159812 159763 259543 159727 159803 159825 159778 159781 159787 259574 159834 159835
Locality No.
[(17-30r. E 23 13 7 9 7 22 13 S 1 6 6 8 18 2 2
Depositional
environment .............. M M N N M M M N N M N M M N N
Chemical analyses, in percent
602 552 549 523 507 533 517 498 491 525 500 504 509 522 523
16.1 19.0 18.9 20.2 22.4 18.7 21.7 20.5 20.6 21.0 22.8 23.0 24.6 23.3 19.1
5.2 4.6 4.4 5.1 43 6.5 4.5 6.4 75 38 4.7 4.1 2.7 33 45
72 1.1 1.6 1.1 1.7 1.0 1.0 1.3 1.2 1.3 1.4 1.1 1.4 1.3 1.9
2.4 2.8 23 2.5 3.1 2.6 2.6 24 1.9 32 2.1 2.6 2.6 2.6 3.6
.08 .08 13 .00 .14 13 1 A2 22 .26 12 .23 .04 .00 .16
1.9 23 2.1 2.3 2.1 2.0 2.0 2.5 2.6 1.7 22 1.7 1.4 1.5 1.0
2.2 2.0 2.6 23 3.0 3.0 2.6 23 24 3.8 34 3.2 44 53 6.2
5.6 7.1 7.0 7.6 6.2 6.3 6.7 7.9 8.0 59 6.7 6.0 4.5 5.0 44
4.9 54 5.6 5.6 5.8 5.7 6.3 5.2 5.5 6.0 5.6 6.7 6.6 5.0 59
.50 .48 .66 .52 .66 .56 .64 1.2 18 54 1.0 70 44 13 .47
08 <.05 <.05 09 <05 11 <.05 05 <.05 A2 .08 10 <05 .05 .08
Impurities corrected for, in percent
1 4 1 1 1 1 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 2 0 4 1 4 0 0 2 3 3 5 1 0
3 8 2 9 3 8 0 0 5 0 10 13 0 0
Interlayer cations per 0(OH)4
0.42 0.34 0.43 0.41 0.50 0.53 0.43‘ 0.43 0.45 0.68 0.64 0.53 0.77 0.95 1.13
.59 .66 .68 .66 .68 .58 .64 71 73 .51 .63 .55 .46 .40 27
.01 .01 .02 .00 .02 .02 .02 .02 .03 .04 .02 .04 .01 .00 .03
1.03 1.02 1.15 1.07 1.22 1.15 1.11 1.18 1.24 1.27 1.31 1.16 1.25 1.35 1.46
Octahedral cations per O(OH),
2.69 2.77 2.74 2.83 2.76 2.60 2.84 2.72 2.67 2.79 291 294 3.05 3.01 2.62
.62 50 .51 .56 .49 72 .51 .70 .82 42 .52 .46 .28 .34 .48
.10 13 .21 13 .22 12 13 16 A5 .16 A7 .14 19 15 .14
57 .60 .53 .54 72 .57 .60 .52 41 71 .46 .60 .60 .54 .76
3.98 4.00 3.99 4.06 4.19 4.01 4.08 4.10 4.05 4.08 4.06 4.14 4.12 4.04 4.00
Tetrahedral cations per 0 (OH)g
A3 0.26 0.32 0.38 0.59 0.84 0.48 0.64 0.78 0.86 0.62 0.84 0.78 0.82 0.77 0.57
Sit e 7.74 7.68 7.62 7.41 7.16 7.52 7.36 7.22 7.14 7.38 7.16 7.22 7.18 7.23 7.43

Therefore, the chemical differences shown on table 2
between the 15 samples before and after fractionation do not
necessarily represent error. The higher K* content for the 15
whole-rock samples clearly reflects more illite-type layers.
The lower total interlayer change for the fractionated sample
is in accord with thier lower illite and higher mont-
morillonite content. The high Na* and low Ca%2-ion
content of the purified samples results from the
Na+-citrate-dithionate treatment intended to reduce and
remove free ferric iron oxides, because the treatment also
replaces Ca' 2 cations with Na*. The higher Fe*2 and lower
Fe*3 contents of the purified samples probably indicates that
some Fe*3 in the mixed-layer structure was reduced to Fe*?2

by the dithionate treatment, but the lower total Fe of the
<0.25i fraction of 0.68 as compared with 0.79 before
fractionation may indicate that free iron oxide on the order
of 0.5 percent is present in most samples and has been
calculated incorrectly into structural formulas of mix-
ed-layer clays in whole-rock samples. These iron differences
apparently do not indicate that the more montmorillonitic
fractionated clays are iron poor, because no such trend is
evident in table 3.

Two differences between the structural formulas from the
15 <0.25u fractions and from the 191 whole-rock samples
indicate errors in correction for impurities in the latter (table
2). These differences for the 0.25u clays are the higher
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content of tetrahedral A1*3, averaging 0.64, and the higher
sum of octahedral cations, averaging 4.06. As previously
pointed out, what seem to be unrealistically low values
calculated from whole samples of shale could result from
systematic underestimation of quartz. The fact that all of the
I5 formulas show total octahedral cations very close to or
above the ideal 4.00 per unit cell (table 3) indicates that the
quartz corrections applied to whole-rock samples were, in
fact, too low. An average of 24 percent quartz was corrected
for when the 191 structural formulas for marine and
nonmarine shale were calculated (table 2). If, instead, 26
percent quartz were corrected for, then the tetrahedral part
becomes (Alyg, Si,,), and the octahedral part of the
structural formula becomes (Al,,, Fe g}, Fe 3, Mg ),
having a sum of 4.00 cations. The main difference between
this formula and that for the 0.254 mixed-layer clay is the
higher iron‘ in formulas computed from the whole-rock
sample, which apparently reflects removal of free iron oxide
from the purified < 0.25u samples.

In several other respects, however, the formulas for the
fractionated samples support conclusions derived from the
structural formulas calculated from whole-rock samples
(table 2). Differences in total layer charge, iron content, and
tetrahedral Al1*3 between the mixed-layer clays and smec-
tites in bentonite are confirmed. Small differences in average
K+ of marine and nonmarine clays are also shown by the
<0.25x clays, but are due to the two exceptionally illitic
clays from Dearborn River. Finally, the seven fractionated
nonmarine clays, like the unfractionated clays, tend to have
more tetrahedral Al*3 and less octahedral Al*3 than the
marine clays, but proportions of Mg*? are reversed. All of
the differences are much too small for use as indicators of
environment of deposition. The most remarkable feature of
the mixed-layer clay in the marine and nonmarine rocks
appears to be its overall compositional similarity.

FORMULAS INFERRED FOR INDIVIDUAL ILLITE-,
BEIDELLITE-, AND MONTMORILLONITE-TYPE LAYERS

Three features of the structural formulas of the 15
mixed-layer clays (table 3) should be related to proportions
of illite:beidellite:montmorillonite: (1) interlayer K* ions
should be concentrated in illite; (2) total layer charge
balanced by interlayer cations should be higher in illite than
in montmorillonite; and (3) the amount of tetrahedral Al*3

FIGURE 11.—Tetrahedral A1%3, total layer charge, and interlayer K * ions of
structural formulas related to proportions of illite:beidellite:mont-
morillonite. 4 and B are averages, respectively, of 15 purified samples
(table 3) and of 22 bentonite samples (table 2). Individual purified
samples (table 3) are plotted as points except Dearborn River locality
samples plotted as +. Solid lines are drawn through averages for shales
50 as to come as close as possible to plotted positions of individual
samples, especially the 13 mixed-layer samples that are randomly
interstratified. Dashed lines indicate appreciable differences between
Dearborn River (loc. 2) samples and the other samples.
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